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OxidationA prototype next-generation superalloy containing 1 at.% Mn was oxidised in air at 800 °C for 100 h, and com-
pared with a commercial Ni-based superalloy. The oxide scale consisted of a multi-phase layered structure
measured by Atom Probe Tomography as uppermost NiCr2Mn2O4, followed by an inhomogeneous mix of
Cr2O3, spinel MnCr2O4 and rutile (Ti,Cr)O2. The Mn did not form a homogeneous, surface passivating oxide
layer. Despite this, the alloy showed a 3× reduction of oxide thickness compared to a commercial polycrystalline
Ni-based superalloy.
© 2015 Elsevier Ltd. All rights reserved.Polycrystalline Ni-superalloys are used extensively in gas-turbine
discs, where they are utilised at temperatures close to their melting
point for timescales which extend to thousands of hours [1]. Thermally
grown oxides, which form at such temperatures, can cause a degrada-
tion of the mechanical properties through both the removal of solutes
from solid solution and dissolution of strengthening phases from the
oxide-affected zone [2,3]. The oxide growth rate and extent of the
oxide-affected zone, as well as high temperature tensile, fatigue and
creep properties are all strongly dependent on the alloy chemistry.
The superior oxidation resistance of some Ni-based superalloys results
from the formation of a continuous Al2O3 or Cr2O3 ﬁlm that creates a
barrier, passivating the surface and preventing further oxidation [4].
However, in such complex multicomponent alloys minor alloying addi-
tions can also strongly inﬂuence oxidation, allowing considerable scope
for composition optimisation. For example recent studies have focussed
on the beneﬁcial or detrimental effect additions of Ta,W, Nb and Ti have
on oxidation [5–7]. Non-metallic species such as Si can also dramatically
inﬂuence the oxidation kinetics. Si is known to promote the formation
of a continuous layer of alumina by generating heterogeneous nucle-
ation sites [4]. However, Si may also adversely affect the tensile and
creep properties through grain boundary embrittlement and by trigger-
ing the formation acicular Topologically Close Packed (TCP) phases.
These act as stress concentration sites, initiating fracture and causing
premature failure [8]. Due to its tendency to cause undesirable phase
formation at the grain boundaries Si can only be added to single crystalsuperalloys (such as directionally solidiﬁed turbine blade alloys), but
cannot be utilised for applications which require polycrystalline alloys
(such as turbine discs processed through powder metallurgy routes)
[9]. In a prior study performed by X-ray diffraction (XRD) and Scanning
Electron Microscopy with Energy Dispersive X-ray spectroscopy (SEM-
EDX) of a single crystal model Ni-20Cr alloy containing 1 wt.% Si, a fur-
ther addition of 3 wt.% Mn was shown to produce a highly protective
MnCr2O4 spinel layer beneath the Cr2O3 scale [10]. This spinel reduced
the growth speed of the oxide scale by 1000 times when compared
with the sameMn-free alloy. It also exhibited improved oxide-metal ad-
hesion, reducing the risk of spallation. Siwas shownby SEM-EDX to seg-
regate to the spinel and was thought to promote its formation. The
oxidation behaviour of a polycrystalline alloy containing Mn, in which
Si cannot be utilised as a nucleation catalyst for MnCr2O4 spinel, has
never been analysed. High-resolution characterisation studies exploring
the effects and potential beneﬁts of Mn on the oxidation behaviour of
new generation alloys have never been performed and are required to
properly understand the oxide-metal microstructures formed.
Most characterisation studies of oxidised samples are performed
using a combination of XRD and either SEM or Transmission Electron
Microscopy (TEM) associated with EDX [11–13]. Atom Probe Tomogra-
phy is a high-resolution characterisation technique, which provides
unparalleled spatial and chemical resolution on the nanoscale giving
invaluable insight in oxidation mechanisms [14]. Due to the inherent
difﬁculty involved in obtaining datasets from brittle, thermally and
electrically insulating samples, in-depth studies of oxidation behaviour
which encompass 3D distributions of chemical compositions and segre-
gation performed using Atom Probe Tomography (APT) have until
Table 1
Chemical composition of the V207J and RR1000 alloys used in the present study, as mea-


















Oxide thicknessmeasurements obtained fromover 50 individual regions identiﬁed in SEM
micrographs. A 2.3× reduction of oxide scale thickness in the V207J superalloy is noted
when compared with commercial ﬁne grained RR1000.
Alloy Chromia /spinel scale Alumina depth Total
V207J 0.46 ± 0.17 0.53 ± 0.28 0.99
FG RR1000 1.05 ± 0.20 2.11 ± 0.44 3.16
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instrumentation and sample preparation techniques are now facilitat-
ing measurements [15–19]. In the present study, a multi-scale investi-
gation was performed using a suite of characterisation techniques to
provide an understanding of the oxidation behaviour of a 1 at.% Mn
prototype superalloy.
A 15mmdiameter, approximately 2mm thick sample of a Ni super-
alloy named V207J [20] (containing 1 at.% Mn) produced using powder
metallurgy was provided by Rolls-Royce plc. The button was ground
and polished to 0.25 μmgrit size on all faces and edges were chamfered
at 45° by 1 mm. The surface roughness (Ra) was measured by a white
light interferometer to be 209 nm. The button was then placed in a
furnace stabilised at 800 °C for 100 h in air. A comparable ﬁne grain
(FG) (~5 μm dia.) RR1000 alloy specimen was also exposed to the
same thermal conditions. After 100 h at 800 °C both the FG RR1000
and the V207J samples had formed oxide layers. After exposure, speci-
mens were air-cooled and mounted with silver epoxy on Al stubs for
SEM. The chemical compositions of both alloys tested in the present
study was measured using Inductively Coupled Plasma-Optical
Emission Spectrometry (ICP-OES) analysis and is shown in Table 1.
A ﬁrst overview of the morphology of the oxide was obtained
through Focussed Ion Beam (FIB) and SEM analysis. Micrographs were
obtained using a Zeiss NVision dual beam microscope. Cross-sections
were cut into the sample using the FIB. A representative FIB ion beam
micrograph of the oxidised region of V207J alloy is shown in Fig. 1.
The micrograph provides a ﬁrst insight in the different phases present
in the oxide-affected zone. The chromia and spinel surface scale is visi-
ble, alongwith a discontinuous layer directly underneath. Theγ′ denud-
ed zone was found to be between 1–2 μm in depth, and within it
extensive regions of lath-like phases were observed. Some sub-surfaceFig. 1. FIB ion beam micrograph showing the featuregrains were also visible within the denuded zone along with inter-
and intra-granular Al2O3 particles. Finally, small amounts of residual γ
were also observed in the oxide scale. As an established alloy, the oxida-
tion behaviour of FG RR1000 has been studied extensively, e.g. [21],
showing a similar oxide scale layout to the V207J alloy after thermal
ageing for 100 h at 800 °C in air. The oxide scale and Al2O3 “ﬁnger”
depth were measured from SEM micrographs and are shown in
Table 2. Five measurements of oxidation damage depths per image
were performed, using Image J software over 10 images. Values report-
ed are mean± standard deviation. Thesemeasurements show an aver-
age reduction by 2.3× of the oxide scale thickness and a 4× reduction in
alumina ﬁnger depth when comparing the V207J alloy with FG RR1000
oxidised under the same conditions. Several reasons could explain the
reduction in oxide layer thickness, based on both the Mn content and
other compositional differences between the V207J and RR1000 alloys
studied, therefore further characterisation has been undertaken to elu-
cidate their effects.
An accurate measure of the chemical composition variation with
depth was obtained through XPS analysis (K-Alpha, Thermo Fisher
Scientiﬁc). XPS spectra sampling the oxide layer were acquired from
two regions: in the centre and near the edge respectively, of the cross-
sectioned V207J sample. The ion beam etching for this was carried out
using 3 kV Ar+ ions, with a 1.2 mm × 1.2 mm raster area. The sample
was rotated at 1 rpm during etching. The sample was then irradiated
with monochromatic Al k-α x-rays using a 50 μm spot. Snapshot/scan
data was acquired with 150/50 eV pass energies respectively. Fig. 2a
shows an overview composition of the top 5 μm, while Fig. 2b shows
an enlargement of the uppermost 1 μm. The XPS oxygen proﬁle in
Fig. 2a shows that while the oxide scale is 600 nm thick (in agreement
with cross-sectional measurements) there is a shallow, decreasing oxy-
gen gradient over ~3.5 μm, afterwhich the composition of theγ phase is
reached. This gradient is a result of the intra- and inter-granular Al2O3
extending inside the denuded zone. The initial Ni peak around 50 nm
in depth in Fig. 2a is an indicator that Ni–Cr–Mn enriched spinels are
likely forming. Mn enrichment is visible at the surface (top 550 nm),
which could be an indicator of the presence of MnCr2O4 spinel likely
forming, as observed by other investigators [10]. The Ti enrichment is
most likely an indicator of rutile formation in the top 400 nm, but
could also be Ti in solid solution, as noted in chromia layer or various
spinels in RR1000 [13]. However it is important to recall thats and phases present in the oxide-affected zone.
Fig. 2. (a) Overview of the chemical composition variations with depth and (b) enlargement of the surface oxide for improved resolution.
53S. Pedrazzini et al. / Scripta Materialia 113 (2016) 51–54measurements by XPS are spatially restricted to within ‘craters’
~1.2 mm in diameter, thus they provide an overall idea of the depth-
dependent composition variations but not of localised segregation ef-
fects nor of different phases.
Atom Probe Tomography (APT) was therefore carried out on the
samples to accurately identify such localised regions within the oxide
scale. Samples for APT were prepared using a Zeiss NVision FIB. A tung-
sten protective capping layer was applied before extracting a cantilever
sample (25 × 5 μm), which was mounted onto standard Cameca Si
microtip coupons. Mounted samples were then sharpened into tips
b100 nm in diameter. Low levels of porosity were observed in the
oxide layer during FIB preparation of the APT samples. Samples were
analysed using a Cameca LEAP 3000X HR instrument at 200 kHz pulse
rate, 0.4 nJ pulse energy and a stage temperature of 50 K. Datasets
were collected and reconstructed using the standard Cameca IVAS
3.6.6 software. Careful attention was paid to compositional accuracy
when interpreting the resulting mass-to-charge-state spectra. A peak
deconvolution algorithmwas implemented where necessary to resolve
peak overlaps in the spectrum, notably Al+ and Cr2+ at 27Da. This peak
deconvolution approach uses the natural isotopic abundance of each
element to estimate the various contributions of the relative species to
the overlapping peaks. An APT reconstruction is shown in Fig. 3a. The
oxide scale is present, as well as the metal-oxide interface and the
sub-oxide γ phase containing a δ-Ni3Nb intermetallic. Mn was found
to partition to the upper surface spinel, whose composition was mea-
sured to be NiCr2Mn2O4. It also partitions to the Cr2O3 layer, creating a
spinel incorporating regions of Cr2O3 and MnCr2O4. No Mn was ob-
served in the rutile phase, the sub-oxide bulk metallic γ or the δ inter-
metallic phases. Phase separation can be observed within the oxideFig. 3. (a) Atommaps showing the different types of oxides, spinels and the δ phase in the den
“Region Of Interest” tool and (b) a 1D concentration proﬁle was plotted across it going througscale itself. Beneath the uppermost NiMn2Cr2O4 section, alternating re-
gions of MnCr2O4 spinel and Cr2O3 are observed. Interfaces have been
demarcated for visual clarity in Fig. 3a using 25 at.% Cr, 3 at.% Mn,
5 at.% Ti and 5 at.% Nb iso-concentration surfaces. A region of rutile
(Ti,Cr)O2 is also apparent at the oxide-metal interface. The measured
chemical compositions of the various oxidised regions are shown in
Table 3. A 1D concentration proﬁle across the γ − MnCr2O4 metal-
oxide interface, as indicated by the rectangular region of interest in
Fig. 3a, is shown in Fig. 3b. It shows that Cr, Mn and small amounts of
Ni partition to the oxide scale. The metal-oxide interface is sharp and
no O enrichment is detected within the bulk metallic layer. The 1D con-
centration proﬁle also goes through a section of a δ-Ni3Nb particle,
which is visible beneath the oxide scale.
The main elements which affect oxidation behaviour of Ni-based
superalloys are Ni, Cr and Al. Pettit et al. [22,1] through systematic stud-
ies usingNi–Al–Cr ternary alloys, created a classiﬁcation dividing super-
alloys into three main sub-groups depending on the oxide layer they
form. Both V207J and RR1000 belong to Group II: based on their nomi-
nal chemical composition, initially a transient oxide scale composed of
NiO/Ni(Al,Cr)2O4 is predicted to form, followed by a sub-scale of Cr2O3
and internal precipitation of Al2O3. This means that based on an
Ellingham diagram, the expected oxide found on an equivalent alloy
which is Mn freewould be a layered structure containing a combination
of the following stable oxides: NiO, Cr2O3 and ﬁnally Al2O3. The addition
of Mn would be expected thermodynamically to encourage the forma-
tion ofMnO or some spinels thereof. No data was found in the open sci-
entiﬁc literature (or in any Thermocalc database available) containing
the energy or oxygen partial pressure required for the formation of
the spinels and oxidised phases observed in the present study, makinguded zone. In the third atommap a cuboidal volume was selected using the IVAS software
h the δ-phase and into the γ.
Table 3
Composition (at.%) of each phase highlighted in Fig. 3, obtained by APT.
At.% NiMn2Cr2O4 Cr2O3 MnCr2O4 Ni3Nb (Ti,Cr)O2 γ
O Bal. Bal. Bal. – Bal. –
Mn 17.7 – 9.0 – – –
Cr 14.7 41.7 31.9 4.6 11.3 15.0
Ni 10.0 – 3.8 Bal. 8.4 Bal.
Ti 3.9 – – – 19.0 –
Co – – 1.3 4.7 – 6.0
Fe 5.2 – – 5.6 1.4 13.1
Mo – – – 2.1 – 1.4
W – – – 1.3 – 1.0
Nb – – – 11.1 – 1.3
Ta – – – – 7.0 –
54 S. Pedrazzini et al. / Scripta Materialia 113 (2016) 51–54thermodynamic predictions impractical at present. However, other dif-
ferences in compositions between the V207J alloy and FG RR1000 could
also be inﬂuencing oxidation resistance. V207J only contains 1 at.% Ti,
compared to RR1000which contains 4.3 at.% Ti. Ti is known to inﬂuence
oxidation kinetics affecting the outcomeof oxidation experiments.Most
systematic studies on Ti alloying additions on oxidation behaviour of Ni
based superalloys agree that the effect is generally deleterious, creating
a substantial thickening of the oxide layer [11]. V207J also contains
3.5 at.%Nb,while RR1000 is Nb free. Nb is a knownoxide former, though
in the present alloy only sub-oxide formation of δ-Ni3Nb phaseswas ob-
served instead of Nb2O5.
The substantial reduction in oxide layer thickness when compared
to a Mn free alloy is consistent with the results observed by Douglass
and Armijo [10]. However, in contrast to the single MnCr2O4 homoge-
neous passivating layer as previously concluded via lower resolution
SEM-EDX and XRD analyses in that study [10], the current results dem-
onstrate that a number of distinct nanometre-sized oxide phases and
spinels have formed. This constitutes the ﬁrst observation of such
phases using a high-resolution analytical technique, and suggests that
the combined effect of Cr2O3 and MnCr2O4 is sufﬁcient to improve
oxidation resistance.Acknowledgements
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